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Introduction
III-V or II-VI semiconductors doped with magnetic atoms such as (Ga,Mn)As have gath-
ered much interest in recent years because of their potential applications in spin-based
computation and quantum information technology [1]. While most electronic devices rely
only on the charge of the electron, spin-based electronic (spintronic) devices based on
these semiconductor alloys exploit the spin degrees of freedom. In these materials, in
particular, the interaction of the spin of the Mn atoms mediated by free carriers leads to
ferromagnetic behavior below a critical temperature that depends on the Mn concentra-
tion and can reach values close to 200 K in (Ga,Mn)As [2].
Despite no commercial applications of such dilute magnetic semiconductors (DMS) exist
to date, the combination of electronic and magnetic properties in these systems opens
potential avenues of fundamental and applied research.
In recent years, however, the focus has progressively moved from the regime outlined
above, dominated by macroscopic magnetic phenomena and linked to a significant doping
of the host crystal with Mn atoms, to the challenging research frontier represented by the
manipulation of the spin of single magnetic atoms inserted in the semiconductor crystal.
The underlying idea is to acquire the knowledge to develop a new class of spintronic de-
vices that exploit the properties of single magnetic atoms. Such atom-based technology
would offer a new paradigm in future electronics [3].
This emerging scenario motivates the present thesis work. The goal is to probe optically
the spin states of few manganese atoms in a single gallium arsenide quantum well (QW).
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Thanks to the remarkable progresses made in the growth of semiconductor samples, it is
now possible to reach ultra-dilute concentrations of Mn impurities preserving the crystal
quality of the host semiconductor material. Such magnetic atoms inserted in the semicon-
ductor heterostructure have rather uniform properties and relatively long spin lifetimes
allowing for the optical probing of Mn spins and their manipulation [4].
In the diluted regime, Mn in GaAs acts as an acceptor with the hole that remains weakly
bound to it. The neutral complex ground state, denoted as A0Mn, lies ≈ 110 meV above
the top of the valence band of the QW, it has a total angular momentum J=1 and a
g-factor gA0Mn=2.77 [5].
Goal of this thesis is to probe the spin orientation of few neutral Mn acceptors in
GaAs/AlGaAs quantum-well heterostructures grown at the University of Santa Barbara
by the group of Prof. David Awschalom. To this end we used the resonant inelastic
light (Raman) scattering (ILS) technique to detect spin-flip excitations of the neutral
Mn acceptor spins between its spin-resolved levels [6]. In a magnetic field B, the spin
states of the neutral Mn acceptor split by the Zeeman effect. While by varying the mag-
nitude of the magnetic field above one Tesla the spin-flip excitation energies follow the
expected Zeeman dependence gA0MnµBB (where µB is the Bohr magneton), surprisingly a
finite splitting of the spin levels is found at zero magnetic field. This unexpected result
shines new light on the structure of spin states of Mn atoms in GaAs and calls for the de-
velopment of novel theoretical models. Consistent with previous results [4], in this thesis
we also demonstrate the possibility to control the magnetic orientation of the Mn atoms
by optically injecting mobile electron spins through circularly-polarized laser light at zero
magnetic field.
The thesis is organized as follows:
• Chapter 1 starts with a review of the basic theory of electronic states in quantum
wells in the envelope function approximation. We describe the selection rules and
oscillator strength of inter-band absorption and the possibility of optically creating
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a population of polarized electron spins into the conduction band (optical spin
injection). We also discuss the electronic configuration of the neutral Mn acceptor in
GaAs analyzing the different interactions that determine the orientation of its spin.
Finally a section is dedicated to the growth technique, with a brief introduction to
Molecular Beam Epitaxy (MBE) followed by the description of the samples studied
in this work.
• Chapter 2 contains a brief review of the inelastic light scattering technique used in
this thesis, with a particular focus on spin-flip excitations, followed by a technical
description of the low-temperature experimental equipments used in this work.
• Chapter 3 illustrates the photoluminescence of the studied Mn-doped quantum
wells. After an initial investigation of the luminescence profile aimed at identifying
the resonances needed for the ILS measurements, we focus on the optical emission
linked to the neutral Mn acceptor and we relate such emission to the spin polariza-
tion of the Mn atoms.
• Chapter 4 reports the main experimental results of this thesis work: the observa-
tion of spin-flip excitations between the different spin-resolved levels of the neutral
Mn acceptor and their evolution as a function of magnetic field. We measure the
gA0Mn factor and offer evidence for an anomalous splitting of the spin states at zero
magnetic field.
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Chapter 1
Mn-Doped Quantum Wells
1.1 Quantum Wells
This section presents a brief overview of the electronic and optical properties of semicon-
ductor quantum wells. Section 1.1.1 deals with the theoretical description of the electronic
states based on the envelope function approximation. Section 1.1.2 discusses the matrix
element and selection rules of the absorption of light in the quantum well. Section 1.1.3
describes the process of optical injection of a spin-polarized population of electrons in the
conduction band.
1.1.1 Envelope Function Approximation
An effective way to describe the dynamics of charges in a semiconductor heterostructure
is the so called “envelope function” method. It allows to reduce the challenging problem
of solving the Schro¨dinger equation of a heterostructured crystal to a simple potential
step problem [7].
We start by introducing the Hamiltonian for a single electron in the crystal:
Hˆ = Hˆ0 + Uˆ =
p2
2m
+ Vˆcr(r) + Uˆ(r), (1.1.1)
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where Vˆcr(r) is the crystal potential and Uˆ(r) is an external potential. We now solve
this Hamiltonian under specific approximations. First let’s assume that the motion of
the electrons takes place within a single energy band (single band approximation). This
is the case when the potential Uˆ(r) is weak enough not to cause inter-band transitions
and the energy band of interest is non degenerate. Thus we can write the electronic wave
function as a linear combination of Bloch eigenstates belonging to a single band ν:
ψ(r, t) =
1√
Ω
∑
k
fν(k, t)e
ik·ruν0(r) =
∑
k
fν(k, t)|ν,k〉, (1.1.2)
where Ω is the volume, |ν,k〉 = 1√
Ω
eik·ruν0(r) is the Bloch function. We assume also
that only electronic states with small crystal momentum k are involved: uνk(r) ≈ uν0(r).
We would like to find out how the operator Hˆ acts on this state. We start applying the
operator Hˆ0:
Hˆ0|ψ〉 =
∑
k
fν(k, t)Hˆ0|ν,k〉 =
∑
k
fν(k, t)
(
p2
2m
+ Vˆcr(r)
)
|ν,k〉. (1.1.3)
In order to carry on the calculation it is useful to note that
p|ν,k〉 = 1√
Ω
eik·r (h¯k + p)uν0(r)⇒ p2|ν,k〉 = 1√
Ω
eik·r (h¯k + p)2 uν0(r). (1.1.4)
As a consequence the matrix elements of Hˆ0 are
〈ν,k′|Hˆ0|ν,k〉 = 1
Ω
∫
ei(k−k
′)·r
[
u∗ν0(r)
(
Eν(0) +
h¯2k2
2m
+
h¯
m
k · p
)
uν0(r)
]
dr, (1.1.5)
where Eν(0) derives from the application of the operator p
2/2m+Vˆcr to the Bloch function
at zero wave number uν0. The term in brackets is periodic with the same periodicity of
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the lattice, so it is possible to expand it in a Fourier series obtaining:
〈ν,k′|Hˆ0|ν,k〉 =
∑
g
αg
∫
ei(k−k
′+g)·rdr, (1.1.6)
where g is a vector belonging to the reciprocal lattice. The integral is non-zero only when
the exponent is identically null. As the vectors k and k′ are inside the Brillouin zone, the
difference k− k′ is much less than g, so the only case is g = 0, giving:
〈ν,k′|Hˆ0|ν,k〉 = α0δkk′ , (1.1.7)
α0 =
1
Ω
∫
u∗ν0(r)
(
Eν(0) +
h¯2k2
2m
+
h¯
m
k · p
)
uν0(r)dr. (1.1.8)
Calling pνν = 〈ν0|p|ν0〉 we get
Eν(k) = 〈ν,k′|Hˆ0|ν,k〉 =
(
Eν(0) +
h¯2k2
2m
+
h¯
m
k · pνν
)
δkk′ . (1.1.9)
Knowing the expression of the matrix elements of Hˆ0, we need to calculate the matrix
elements of the potential Uˆ(r):
〈ν,k′|Uˆ |ν,k〉 = 1
Ω
∫
ei(k−k
′)·ru∗ν0(r)Uˆ(r)uν0(r)dr. (1.1.10)
As before, being u∗ν0(r)uν0(r) periodic in r, it can be substituted with its Fourier series:
〈ν,k′|Uˆ |ν,k〉 =
∑
g
βgU˜(k
′ − k− g). (1.1.11)
Now, let’s assume the following important approximation: the potential Uˆ(r) is slowly
varying on the scale of the lattice constant. Consequently the only significantly non-zero
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Fourier transform of Uˆ(r) is the one with g = 0,
〈ν,k′|Uˆ |ν,k〉 ≈ U˜(k′ − k). (1.1.12)
We can now write the Schro¨dinger like equation governing the temporal evolution of the
state ψ(r, t):
∑
k
〈ν,k′|Hˆ0 + Uˆ |ν,k〉fν(k, t) = ih¯∂fν(k
′, t)
∂t
,
Eν(k
′)fν(k′, t) +
∑
k
U˜(k′ − k)fν(k, t) = ih¯∂fν(k
′, t)
∂t
.
(1.1.13)
If we identify Fν(r, t) =
1√
Ω
∑
k fν(k, t)e
ik·r as the envelope function, and using Wannier-
Slater identity Eν(k)ψνk(r) = Eν(−ih¯∇)ψνk(r) [8], we obtain:
Eν(−i∇)Fν(r, t) + UˆFν(r, t) = ih¯∂Fν(r, t)
∂t
, (1.1.14)
Once the envelope function is known it is easy to find the wave function |ψ〉:
|ψ〉 = Fν(r, t)uν0(r). (1.1.15)
In a semiconductor crystal such as GaAs that has a parabolic conduction band minimum
close to the Γ point (k = 0), we can adopt the effective mass approximation, denoting
with m∗ the effective mass defined as:
m∗ =
h¯2
∂2Eν(k)
∂k2
, (1.1.16)
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and rewrite equation (1.1.14) in the compact form of an eigenvalue equation for a time
independent Hamilotnian:
(
− h¯
2
2m∗
∆ + U(r)
)
Fc(r) = (E − EG)Fc(r), (1.1.17)
where EG is the energy gap between the bottom of the conduction band and the top of
the valence band.
Equation (1.1.17) can be easily extended to describe the electronic states in a quantum
well in which there is a sequence of alternating layers of different semiconductors along
the growth direction (zˆ). If we assume that the Bloch functions uν0(r) are equal in all
layers, as in the case of GaAs/AlxGa1-xAs heterostructures (with Al concentrations x ≤
0.4), equation (1.1.17) becomes:
[
− h¯
2
2
(
∂z
1
m∗(z)
∂z +
1
m∗(z)
∆xy
)
+ U(r) + Ec(z)
]
Fc(r) = EFc(r). (1.1.18)
In the case of a single quantum well (QW) the structure is composed by three layers, with
the two external ones having a wider band-gap, and acting as barriers. Solutions can be
sought in the form:
Fc(r) ≡ Fc(r‖, z) = φ(z)eik‖·r‖ , (1.1.19)
and the eigenvalue equation in the two regions A, B (well, barriers) is:
(
Ec,A/B +
h¯2
2m∗A/B
k2‖ −
h¯2
2m∗A/B
∂2z
)
φ(z)eik‖·r‖ = Eφ(z)eik‖·r‖ , (1.1.20)
with matching conditions at the interface (z = −a/2 and z = a/2) between the two
materials given by:
φ
(a
2
−)
= φ
(a
2
+)
1
m∗A
∂zφ
(a
2
−)
=
1
m∗B
∂zφ
(a
2
+)
.
(1.1.21)
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The solutions for the z-component of the envelope function φ(z) are straightforward once
the height and the width of the quantum well are known and are shown in Fig. 1.1. The
discrete levels of the well give rise to energy subbands En(k‖) = n + h¯
2k2‖/2m
∗. The
density of states is therefore that of a 2-D system, a step function of increment m∗/pih¯2.
The multiband electronic band structure of bulk zincblende semiconductors can be com-
puted using the Kane model or the k ·p theory [9]. Summarizing the treatment, which is
no more than a perturbative calculation based on the k · p term of equation (1.1.8) in a
multiband approach, the states near the bottom of the conduction band have s-symmetry
and their total angular momentum J is simply given by the spin S=1/2. The top of the
valence band is quite different, as J is given by the composition of the angular momentum
L=1, derived by the p-symmetry of the Bloch functions, and the spin S=1/2, resulting
in four J=3/2 states and two J=1/2 states leading to six degenerate states: 2 states
belong to the split-off band (J=1/2, Jz=±1/2, Lz=0 or Lz=±1, Sz=±1/2), 2 light-hole
states (J=3/2, Jz=±1/2, Lz=0 or Lz=±1, Sz=±1/2) and 2 heavy-hole states (J=3/2,
Jz=±3/2, Lz=±1, Sz=±1/2). If spin-orbit interaction J · S = 12(J2 − L2 − S2) (up to a
constant factor) is taken into account, the degeneracy of the split-off band is broken and
the corresponding energy is lower by an amount ∆ that in GaAs is 0.34 eV. Table 1.1.1
summarizes these states.
As shown in Fig. 1.1, the heavy-hole states in the quantum well have a lighter mass in
the plane of the well with respect to the mass of the light-hole states, reversing the order
relative to bulk. But, since heavy-hole is heavier in the growth direction, the effect of the
confinement is weaker on these states than on the light-hole ones. These effects lead to
the anticrossing behavior of the bands shown in Fig. 1.1 d).
1.1.2 Inter-band Absorption in a QW
The evaluation of light absorption in a solid is usually carried out by applying the Fermi’s
golden rule in the dipole approximation. The transition rate from an initial state i to a
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Figure 1.1: a) Eigenstates and eigenvalues for the conduction and valence bands at the Γ
point of an AlGaAs/GaAs quantum well. The envelope functions for electrons and holes
are shown. b) Energy subbands as a function of the in plane wave vector. c) Steplike
density of states. d) Valence band dispersion for heavy-hole (hh1) and light-hole (lh1)
first subbands assuming in plane effective masses m∗hh = 0.082 and m
∗
lh = 0.58. From [10].
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Band ui |J, Jz〉 = |L,Lz〉|Sz〉 Ei
CB u1 |12 ,+12〉 = |0, 0〉| ↑〉 Ec
CB u2 |12 ,−12〉 = |0, 0〉| ↓〉 Ec
HH u3 |32 ,+32〉 = |1,+1〉| ↑〉 Ev
HH u4 |32 ,−32〉 = |1,−1〉| ↑〉 Ev
LH u5 |32 ,+12〉 =
√
1
3
|1,+1〉| ↓〉 −
√
2
3
|1, 0〉| ↑〉 Ev
LH u6 |32 ,−12〉 = −
√
1
3
|1,−1〉| ↑〉 −
√
2
3
|1, 0〉| ↓〉 Ev
SO u7 |12 ,+12〉 =
√
2
3
|1,−1〉| ↑〉+
√
1
3
|1, 0〉| ↓〉 Ev −∆
SO u8 |12 ,−12〉 = −
√
2
3
|1,−1〉| ↑〉+
√
1
3
|1, 0〉| ↓〉 Ev −∆
Table 1.1: The conduction and valence-band states according to the Kane model at the
Γ point in zinc-blende crystals. The |J, Jz〉 states are expressed as a function of the
|L,Lz〉|Sz〉 states (the arrows ↑ and ↓ represent spin up or down Sz = ±1/2). The last
column shows the energy of the states, conduction band energy Ec, valence band energy
Ev and split-off energy ∆.
final state f due to the absorption of a photon is:
Wif =
2pi
h¯
(
eE0
m0ω
)2
|〈f |eˆ · p|i〉|2δ(Ef − Ei − h¯ω). (1.1.22)
If we consider as initial and final states non-degenerate valence-band (v) and conduction-
band (c) states in a bulk crystal, the overall inter-band absorption becomes:
P =
2pi
h¯
2h¯ω
(
eE0
m0ω
)2∑
k
|pcv(0)|2δ(c(k)− v(k)− h¯ω), (1.1.23)
where pcv(0) =
1
Ω
∫
u∗c0(r)(eˆ · p)uv0(r)d3r and 〈ck′|eˆ · p|vk〉 = δkk′pcv(k), which weakly
depends on k. Notice that the wave vector k is the same for conduction-band and valence-
band states (vertical transitions where the photon wave vector is neglected). As shown
above, the eigenfunctions and eigenvalues of QW states in the parabolic approximation
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are given by:
ψνnk(r) = Ω
−1/2Fνk(r)uν0(r) = Ω−1/2φn(z)eik‖·ruν0(r)
Eνn(k‖) = νn +
h¯2k2‖
2m∗
.
(1.1.24)
Since the envelope functions vary on a scale that is much longer than the unit cell, the
matrix element becomes:
〈f |eˆ · p|i〉 ≈
cells∑
j
F ∗c (r)Fv(r)
∫
cell
u∗c(r)(eˆ · p)uv(r)dr, (1.1.25)
≈ pcv(0)
∫
F ∗c (r)Fv(r)dr. (1.1.26)
This matrix element determines the allowed transitions through two different selection
rules: the usual electric-dipole selection rule represented by the factor pcv(0) and the in-
tegral of the product of the envelope functions.
Consider as an example a transition between the heavy-hole valence-band state and
conduction-band state caused by the absorption of light linearly-polarized in the xˆ-yˆ
plane, let’s say along xˆ. It is convenient to express the |J, Jz〉 states using the s-like con-
duction band wave function denoted by |S〉 and three p-like valence band wave functions
denoted by |X〉, |Y 〉 and |Z〉. These states have the same symmetry as the atomic s, px,
py, and pz orbitals from which they are formed. Considering table 1.1.1 and the following
expression for the |L,Lz〉 states:
|0, 0〉 = i|S〉, |1, 0〉 = |Z〉, and |1,±1〉 = 1√
2
(|X〉 ± i|Y 〉). (1.1.27)
the matrix element is:
〈
S ↑
∣∣∣∣px∣∣∣∣32 , 32
〉
=
1√
2
(〈S ↑ |px|X ↑〉+ i〈S ↑ |px|Y ↑〉) = 1√
2
〈S ↑ |px|X ↑〉 6= 0. (1.1.28)
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The same is found with polarization along yˆ. We conclude therefore that light propagating
perpendicular to the plane of the well and polarized along xˆ or yˆ can induce optical inter-
band transitions involving hh states. If light propagates along the plane of the well, the
hh absorption is allowed only for in plane polarization. On the contrary absorption from
light-hole states is possible for all polarizations although with different matrix elements.
In fact light-hole Bloch function states are represented by linear combination of all three
p-like valence band wave functions |X〉, |Y 〉, |Z〉:
∣∣∣∣32 , 12
〉
=
1√
3
|1 ↓〉 −
√
2
3
|0 ↑〉 = 1√
6
(|X ↓〉+ i|Y ↓〉 − 2|Z ↑〉). (1.1.29)
Finally, the integral containing the envelope functions in (1.1.26), introduces additional
Figure 1.2: Transitions between bound states in the valence and conduction bands of a
quantum well. Only one valence band is shown. The thickness of the arrows is propor-
tional to the strength of the transition. The “∆n = 0” rule determines the thickest lines.
From [9].
selection rules. If the well is symmetric, the z-component of the envelope function has a
well-defined parity and the integral is non-zero only if both conduction and valence band
envelope functions have the same parity. If the potential height of the well is infinite the
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allowed transitions are those between subbands with the same index (∆n = 0 rule). This
condition is relaxed when the height of the well becomes finite. Nevertheless the ∆n = 0
transitions are the strongest.
1.1.3 Optical Spin Injection
We now discuss the optical transitions between the heavy-hole states, top of the valence
band, and the bottom of the conduction-band states caused by the absorption or emis-
sion of circularly-polarized light. The heavy-hole states have total angular momentum
Jz = ±3/2 and according to the selection rules presented above for inter-band transitions,
they couple to states in conduction band with a change ∆Jz = ±1. For instance, if right
circularly-polarized light σ+, that brings angular momentum Jz = +1, is absorbed by
an electron in the state hh1 with Jz = −3/2, the final state in the conduction band has
Jz = −1/2, so it corresponds to electron having spin down Sz = −1/2. However there is
no absorption of σ+ light if the initial state has J=+3/2. On the contrary, if the light is
left polarized σ− then absorption is possible exclusively from the state Jz = −3/2 leading
to the occupation of the conduction state having Sz = +1/2.
This means that using circularly-polarized light of energy in resonance with the transition
from the heavy-hole states to the conduction-band states (due to confinement, light-hole
states are lower in energy than heavy-hole states) it is possible to inject 100% polarized
electrons in the conduction band. This is not the case for a bulk crystal because of the
degeneracy between light-hole and heavy-hole states. As a matter of fact, optical spin
injection in bulk gives a maximum spin polarization of 50% in the conduction band as
shown in Fig. 1.3.
The optical injection of spin-polarized electrons can be used as a tool to manipulate lo-
calized spins associated to selected atomic impurities incorporated into the GaAs crystal.
One example that is relevant for this thesis is the case of Mn impurities. In fact, as ex-
plained in section 1.2.2, a particular exchange interaction between optically spin-polarized
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Figure 1.3: a) Optical absorption or emission transitions for σ± photons of energy in
resonance with the gap Eg of bulk GaAs crystals. Heavy-hole transitions are three times
more favorable than light-hole transitions, as indicated by line weight. b) Subbands
(e1, hh1, lh1) in a Al0.4Ga0.6As/GaAs quantum well. Optical transitions involve photons
of energy in resonance with hh states. In this case 100% optical spin injection is possible.
From [10].
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electrons and the Mn acceptors causes the partial alignment of the Mn spins, as if there
was an effective magnetic field.
1.2 Mn Incorporation into GaAs Quantum Wells
The control and manipulation of single spins open the way to the development of advanced
spin-based devices and to the implementation of quantum information processing archi-
tectures. Magnetic ions incorporated in a semiconductor lattice are affected by spin-spin
interactions with the mobile electrons in the semiconductor. Optical probing of the spin
of such magnetic atoms and their manipulation via mobile electrons can be exploited in
order to develop spin-based spintronic devices [1], [3].
In GaAs, Mn magnetic impurities with total spin S=5/2 act as acceptors within the
band-gap. Ga1-xMnxAs alloys (with typical Mn concentration of x > 1%) in which a frac-
tion of the cation sites are occupied by the magnetic ions have been largely studied in the
past [2], [11]. These dilute magnetic semiconductors (DMSs) show many interesting prop-
erties such as the giant Faraday rotation [12], the magnetic field induced metal-insulator
transition [13], the formation of bound magnetic polarons (BMP) and the carrier-mediated
ferromagnetism at high Curie temperature (up to 200 K) [14].
In this thesis work we focus on Mn-doped GaAs QWs in which, however, the Mn con-
centration is so diluted that is not leading to DMS phenomena. Indeed we are interested
in addressing and manipulating isolated Mn atomic spins in the semiconductor. Such
high-quality ultra-diluted GaMnAs QWs, studied in this thesis work, are grown by MBE
at the University of Santa Barbara.
In this section we first present a theoretical model of the manganese acceptor in GaAs.
We then analyze the possible interactions that could be crucial for the process of optical
orientation of the Mn spins, such as the sp-d exchange coupling, the spin-spin interaction
among Mn ions and the hyperfine interaction with the GaAs nuclei. Finally we give a
rapid account of the growth of the (Ga,Mn)As QWs studied in this thesis work.
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1.2.1 The Manganese Impurity
The incorporation of the Mn impurity within the GaAs lattice occurs mainly through a
substitution of a Ga atom as shown in Fig. 1.4. The parameters of the crystal growth are
essential for this kind of incorporation. In fact under certain conditions it is possible to
find interstitial incorporation of Mn impurities (MnI) which constitute crystalline defects
and introduce defect states into the band structure (see Fig. 1.4). High percentage of in-
terstitial impurities spoil the opto-electronic and magnetic properties of the material [15].
Our samples are grown in order to maximize the ratio of substitutional Mn over MnI. [16]
The atomic Mn electronic configuration is [Ar]3d54s2 while the Ga configuration is
Figure 1.4: The atomic structure of GaMnAs and the most common crystalline defect.
From [17]
[Ar]3d104s24p1 and As is [Ar]3d104s24p3. For each Mn impurities occupying a Ga site
three valence electrons are required for the formation of chemical bonds with nearest
neighbor As atoms. This would produce a 3d4 configuration Mn3+ ion which indeed has
been found to correspond to the typical Mn configuration in GaP [18]. But in GaAs
weakly doped with Mn (x < 0.1%), the impurity acts as an acceptor with a tightly bound
electron and a weakly bound hole. This neutral complex, denoted as A0Mn, can be viewed
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as being in the 3d5 (Mn2+) with a shallow hole in its orbit. In this case the Mn acceptor
ground state is modified by the interaction between the spin of the weakly bound hole,
J=3/2, and that of the A− (3d5) core, S=5/2. The deep acceptor level lies approximately
110 meV above the top of the valence band [19].
The antiferromagnetic exchange coupling (see also section 1.2.2) between the loosely
bound hole and the A− acceptor is of the form S·J with  > 0. If we write this interaction
as (F2 − S2 − J2)/2, where F = S + J is the total angular momentum of the neutral ac-
ceptor, the energies are given by the well known formula [F(F+1)−S(S+1)−J(J+1)]/2
which for the F=1 ground state gives -21/4. For F=1, 2, 3, 4 are respectively 2, 4, 9
above the previous value. The IR spectroscopy measurement [20] of the splitting 2 be-
Figure 1.5: Energy levels of the neutral Mn acceptor A0Mn. When a magnetic field is
applied, the degeneracy is removed and the Zeeman splitting is determined by a g-factor
gA0 = 2.77. We use an antiferromagnetic exchange constant  ≈ 2 meV assumed in [6].
tween the F=1 and F=2 states gives  ≈ 5 meV, thus the contribution to the binding
energy from the p-d interaction is approximately 26 meV. The remaining binding energy
110-26 = 84 meV, is due to the central field potential of the ion. However, the value of
the antiferromagnetic exchange constant  measured in Refs. [21], [22], [20] varies in the
range 1.2-6 meV.
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Another type of Mn center is the ionized acceptor A− (3d4 + e) arising from the ion-
ization of the A0Mn complex, whose configuration is considered to be equivalent to 3d
5
configuration. The A0Mn complex and the A
− acceptor have different angular momenta
Figure 1.6: a) Neutral Mn acceptor in GaAs. b) Common configuration in GaP. c) Ionized
Mn acceptor in GaAs. From [10].
and g-factors: gA− = 2 and S=5/2 whereas gA0Mn = 2.77 and F=1 [21], [23] (see Fig.
1.5 for a scheme of energy levels). Depending on the concentrations of Mn as well as on
the Fermi level, the electronic configuration of the Mn impurity switches between these
two possibilities. The charged acceptor A− is favored when the Mn concentration is high
and the Fermi level is near or in the valence band. An abundance of holes screens the
exchange interaction and prevents the confinement of the hole around the ion core and
the formation of the A0 complex. The neutral Mn acceptor is favored at low Mn doping
levels. This is the regime studied in this thesis work.
The modifications of the local density of electronic states (LDOS) of GaAs due to Mn
substitution significantly affect the nature of their interactions within the GaAs host.
In [24] these modifications have been probed by combining real space imaging together
with spatially resolved Scanning Tunneling Microscopy (STM), performed by measuring
the differential conductance, dI/dV versus V (where I is the current and V is the voltage),
using standard lock-in techniques. Fig. 1.7 displays a direct mapping of the acceptor-state
wave function obtained through this technique, demonstrating that the Mn acceptor has
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an anisotropic star-shaped spatial structure that is distributed over more than a 20 A˚
2
area of the surface.
Figure 1.7: Spatially resolved differential conductance ( dI
dV
) measurements. 40 A˚
2
topo-
graph of the unoccupied states (+1.55 V; 0-4 A˚) revealing the anisotropic shape of the
Mn acceptor. From [24].
1.2.2 Interaction Mechanism of Mn Spins
This section is dedicated to the analysis of the most relevant interactions of the Mn
impurities with the host semiconductor. These interactions determine the possibility to
induce a preferential orientation of the spin of the Mn neutral complex through an external
control, such as the optical control by means of a laser.
The magnetic dipole-dipole interaction strength between two discrete moments separated
by a lattice constant in a typical solid is approximately 1 K, relegating direct magnetic
interactions to a minor role in the physics of condensed-matter magnetic order. Instead
the major cause of Mn spin dynamics in GaAs is the exchange interaction with the
electronic spins. Several kinds of qualitative effect that lead to exchange interactions can
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be independently identified. First we treat the exchange coupling of the Mn 3d electrons
with the electrons of the host GaAs crystal, then the Mn-Mn ferromagnetic exchange
interaction and finally the hyperfine coupling to the nuclei of the GaAs lattice.
s-d and p-d Exchange Interaction
The s-d interaction occurs between conduction band electrons and the local magnetic-ion
3d electrons. The p-d interaction involves the valence band electrons. The exchange inter-
action, addressed for the first time by Heisenberg in his 1928 paper [25], is a consequence
of the Pauli exclusion principle and Fermi statistics. The global wave function of a system
of fermions must be antisymmetric with respect to any particle exchange. This means
that if the wave functions of two electrons overlap, then the antisymmetry condition puts
constraint on the spin and orbital part: if the spin part is antisymmetric, the orbital part
must be symmetric, and vice versa. The exchange integral for two interacting electrons
occupying generic states denoted by ψ1 and ψ2 is:
I =
e2
4pi0
∫
ψ∗1(r1)ψ
∗
2(r2)
1
|r12|ψ2(r1)ψ1(r2)dr1dr2. (1.2.1)
The value of this integral is strongly dependent on the symmetry of the wave functions
and can assume either positive or negative values, leading to ferromagnetic or antifer-
romagnetic configuration, respectively. In our case we are dealing with a continuous
semiconductor and the contribution of the exchange interaction to the single electron
hamiltonian involves the coupling to each magnetic ion:
Hˆex(r) = −
∑
i
I(r− ri)Si · σ. (1.2.2)
Here σ and r are the spin and the position of a band electron, S the total spin operator
for the i-eth magnetic impurity atom at ri, while I(r− ri) is the exchange coupling. The
sum is carried out over all impurities in the volume of interest. We assume that the
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localized moments can be described in terms of spin eigenvalues rather than total angular
momentum. These assumptions are justified since the resulting model is consistent with
a wide variety of experimental data in III-V semiconductors. Further approximations are
based on the observation that the wave functions of conduction and valence band electrons
are extend throughout the quantum well so they interact with a large number of Mn ions
in the sample. The result is that band electrons are subject to the average spin value of
the magnetic impurities. The Hamiltonian becomes:
Hˆex(r) = −σz〈Sz〉
∑
i
I(r− ri), (1.2.3)
where σz and 〈Sz〉 are the average projection of the electron and ion spins along the
direction of the magnetic field (or the direction of the optically injected electron spins,
as treated in the next sections). If we now assume that the exchange interaction occurs
with one average value at all crystal sites rather than at the specific positions of the Mn
impurities, we have:
Hˆex(r) = −σz〈Sz〉x
∑
R
I(r−R), (1.2.4)
where x is the average fraction of magnetic impurities per crystal site R and the sum
runs over all crystal sites in the volume of interest. We now calculate the mean value of
this energy 〈Hex〉 over the unit cell using wave functions in the form of equation (1.1.15),
noticing that both the conduction and the heavy-hole valence-band states are eigenstates
of spin. In a quantum well the light-hole states and the split-off states are shifted in
energy from the heavy-hole states and their contribution to the exchange coupling is
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largely irrelevant to resonant optical experiments. Thus we get:
〈Hˆex(r)〉 = −σz〈Sz〉x
〈
ψ
∣∣∣∣∑
R
I(r−R)
∣∣∣∣ψ〉 (1.2.5)
= −N0αxσz〈Sz〉 (for s-d exchange) (1.2.6)
= −N0βxσz〈Sz〉 (for p-d exchange), (1.2.7)
where N0 is the number of crystal sites in the unit cell, α = 〈Fc(r)uc0(r)|
∑
Rcell
I(r −
Rcell)|Fc(r)uc0(r)〉 and β = 〈Fv(r)uv0(r)|
∑
Rcell
I(r −Rcell)|Fv(r)uv0(r)〉 are the average
values of the exchange integral I evaluated with the conduction band and heavy-hole
valence-band states, respectively.
We now focus on the s-d coupling. If α is positive then the interaction between the spins
is ferromagnetic otherwise is antiferromagnetic. In Mn-based II-VI compounds the s-d
exchange integral is positive and then ferromagnetic. On the contrary, in highly dilute
Ga1-xMnxAs quantum wells (x ≤ 0.1%) it has been found to be negative [26], [27], [28].
This unusual behavior of the apparent s-d exchange integral arises from exchange inter-
actions between electrons and holes bound to Mn acceptors [29]. Therefore the exchange
interaction between electrons and neutral Mn acceptor is the sum of the interaction with
the Mn ion and with the bound hole. This s-p exchange is of the form:
Hˆsp = +
1
2
xN0Ieh〈Jz〉, (1.2.8)
where Jz is the total angular momentum of the hole and the factor Ieh is negative. At first
sight it should contribute to the s-d positive exchange energy, but considering the fact
that 〈Sz〉 · 〈Jz〉 < 0 due to the antiferromagnetic p-d exchange interaction, they actually
have opposite sign. As a consequence the apparent coupling between the conduction
band electron and the Mn neutral complex is antiferromagnetic, and they mainly line
up in reverse to the spins of the optically injected electrons. Measurements of the p-d
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exchange coupling energy can be found in reference [30], [23].
Mn-Mn Interaction Mediated by Holes in GaAs
The first spontaneous ferromagnetism in a semiconductor was observed in Ga1-xMnxAs
crystals in 1996 [31]. It was found experimentally that the ferromagnetic ordering temper-
ature was proportional to the hole density. The Mn-Mn interaction decays rapidly with
increasing separation between the Mn acceptors so that ferromagnetism is observed only
for x > 1% and it is highly anisotropic [24], [2]. The term ferromagnetic semiconductor
is reserved for materials in which the coupling between local moments is mediated by
carriers in the host semiconductor valence band. The explanation to the hole-mediated
ferromagnetism in GaMnAs considers a long-range and indirect coupling between two Mn-
ion spins. Briefly, the Mn-ion spin couples to the hole spin through p-d exchange, and the
hole spin similarly couples to another Mn-ion spin, as sketched in Fig. 1.8. This model
Figure 1.8: Hole mediated ferromagnetic interaction between Mn ions. From [10].
has been first adopted by Dietl et al. [14] and the theory of hole-mediated ferromagnetism
in semiconductors has widely developed not without controversies and doubts on many
of the theoretical details [2]. The samples studied in this thesis work are very diluted
(x ≈ 3 · 10−3% or less), far from the regime where ferromagnetism has been observed.
Nevertheless, there could still be non-negligible effects on the orientation of the Mn-ion
spins.
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Hyperfine Interaction of Electrons with Nuclear Spins in the Crystal Lattice
The electron spins in the semiconductor are coupled through hyperfine interaction with
the nuclear spins in the host crystal. This may lead to nuclear spin orientation and
thus to Mn orientation through an effective magnetic field generated by the nuclear spin
interaction. The spin dependent part of the electron Hamiltonian for two ideal magnetic
moments is:
HˆS =
gµBγN
h¯
(
1
r5
[3(I · (r−R))(S · (r−R))− (I · S)] + 8pi
3
(I · S)δ(r−R)
)
, (1.2.9)
where g=2.002 is the electron g-factor, µB the Bohr magneton, I is the spin operator of
the nucleus at R, S the spin operator of the electron at r and γN is its gyromagnetic ratio.
The term in square brackets is the dipole-dipole coupling and the last term is the contact
hyperfine coupling. For s-like conduction-band states, in which the spherically symmetric
electron density is concentrated on the nuclear sites, the dipole-dipole term vanishes and
the contact term dominates. On the other hand, for p-like valence-band states, whose
electron density is concentrated away from the nuclear sites, the contact term vanishes
leaving a dipole-dipole coupling which nevertheless remains considerably weaker than the
conduction band contact term. The valence band dipole-dipole coupling can be ignored.
The resulting coupling Hamiltonian is:
HˆS = Hˆhf =
8pi
3
gµB
h¯
γN(I · S)δ(r−R), (1.2.10)
and after integration over the unit cell we get:
Hˆhf =
8pi
3
gµB
h¯
γNη(I · S), (1.2.11)
where η = |ψ(r)|2 is the amplitude of the electron wave function at the nuclear site.
Through this interaction an average orientation of nuclear spins induces a polarization of
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electrons and vice versa. This effect could remove the spin degeneracy of the Mn atoms
even at zero magnetic field. The estimated effective magnetic field BN generated by the
nuclear polarization in GaAs induced by hyperfine interaction with the electrons is of the
order of 0.5 T [32].
1.3 Sample Growth
The samples studied in this thesis work were grown by Molecular Beam Epitaxy (MBE)
by the group of David Awschalom at the University of California Santa Barbara. In order
to enable susbstitutional incorporation of Mn, a lower growth temperature than usual
III-V MBE growth has been adopted. A large density of growth defects might severely
reduce the electronic and optical performance, so that particular care must be given to
the choice of the growth conditions.
1.3.1 MBE Technique
Molecular Beam Epitaxy (MBE) is a layer-by-layer growth technique invented in the late
1960s at Bell Telephone Laboratories by J. R. Arthur and A. Y. Cho. [33]. Molecular or
atomic beams interact on the surface of a heated crystalline substrate in UHV (Ultra High
Vacuum) environment and enable a strongly controllable epitaxial growth of a semicon-
ductor heterostructure. The solid sources materials are placed in effusion cells (Knudsen
cells) to provide an angular distribution of atoms or molecules in a beam. A schematic
representation of a typical MBE machine is displayed in Fig. 1.9. The pressure of the
growth chamber is kept at approximately 10−10 mbar and the substrate is provided with
a rotation stage to improve the growth homogeneity. By opening and closing mechanical
shutters, it is possible to grow structures with the resolution of a monolayer. The variation
of the temperature of the effusion cells gives direct control on the flux rate of the various
components and dopants. The growth rate and quality is controlled using the RHEED
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Figure 1.9: Schematics of a MBE system. From the Knudsen cells molecular beams are
directed through an ultra high vacuum environment towards the heated and rotating
surface of the substrate where the layer-by-layer step-flow growth occurs. The RHEED
systems enables the monitoring of the surface reconstruction during the growth process.
technique (Reflection High Energy Electron Diffraction). It is based on the reflection of
high energy electrons (in the range 5-100 KeV) impinging on the growing sample at low
impact angle (typically less than 5◦). This technique is very sensitive to surface roughness
down to monolayer sensitivity and allows the monitoring of the surface growth rate by
analyzing the periodic variations of the RHEED intensity during growth.
1.3.2 Growth Recipe
The growth of (Ga,Mn)As materials and quantum wells, especially in the very diluted
regime, is quite tricky. The difficulties lie in the fact that Mn is weakly soluble in GaAs
and growth on low-temperature substrate is required in order to incorporate enough sub-
stitutional Mn with respect to interstitial (MnI). Nevertheless this condition on the
substrate temperature also yields high incorporation of AsGa anti-sites. Both MnI and
AsGa are double donors and beside reducing mobility and optical properties, they also
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compensate the holes from the neutral Mn acceptor, obstacle to the formation of it. As a
consequence a special balance between advantages and drawbacks due to low temperature
must be obtained.
The samples used in this thesis were grown on a (001) semi-insulating GaAs wafer.
Figure 1.10: Mn concentration profiles measured by SIMS at two different Cs+ beam
energies. The heterostructure sequence of the samples studied in this thesis work is also
shown. From [16].
In the MBE process first a 300-nm-thick GaAs buffer layer is first grown followed by a
600-nm layer of Al0.4Ga0.6As. The sample is then cooled to the growth temperature of
400 ◦C suitable for the incorporation of the Mn atoms in the quantum well (typical tem-
peratures for non magnetic conventional GaAs heterostructures are around 600◦). The
QW is constituted by a 50-nm Al0.4Ga0.6As barrier layer, followed by the 10-nm GaMnAs
QW layer and by a second 100-nm Al0.4Ga0.6As barrier layer. A 7.5-nm GaAs cap layer
is then grown on the surface.
The Mn concentration profile is measured by SIMS (Secondary-Ion Mass Spectroscopy)
[27] and it is plotted in Fig. 1.10. This technique uses a primary ion beam of Cs+ sent
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on the sample at a precise energy. By collecting the secondary CsMn+ ion scattered, it is
possible to reconstruct the concentration of manganese as a function of the depth. What
emerges from this characterization is that the concentration within the QW is ten times
higher than in the top layers of the sample, while it reaches its minimum 100 nm below the
QW. It is important to notice that the different decay of the Mn concentration relative to
the different ion energy is a result of the “knock-on effect”, a SIMS measurement artifact
due to the fact that energetic ions bombarding the surface during the sputtering process
push and knock the Mn ions into the sample. The result is an apparent Mn concentration
tail below the QW. After this tail the constant value near the detection limit is seen to
scale with Mn cell temperature, suggesting the presence of a little Mn incorporation even
with the shutter closed because of a leakage from the hot Mn cell.
A summary of the most relevant features characterizing the two samples studied in this
thesis work is reported in table (1.3.2). The two samples studied here differ in concen-
tration of Mn impurities: one has 6400 Mn atoms within a µm2 whereas the other only
64 (values are expressed per unit area since they refer to the concentration within the
quantum well). If we consider that the well is 10-nm thick it is straightforward to cal-
culate the concentration: 6.4 · 1017 cm−3 and 6.4 · 1015 cm−3, respectively. The relative
concentration x (Ga1-xMnxAs) is respectively 3 · 10−3% and 3 · 10−5%. This means that
the distance between two Mn ions is approximately 12 nm for the more concentrated
sample and 57 nm for the other. As a comparison the typical Mn concentration for DMS
is around 1020 cm−3 (x ≈ 1%).
Sample Well thickness (nm) Mn concentration (cm−3) Mn-Mn distance (nm)
6400 10 6.4 · 1017 → x = 3 · 10−3% 12
64 10 6.4 · 1015 → x = 3 · 10−5% 57
Table 1.2: Main parameters of the two samples studied in this thesis work.
Chapter 2
Fundamentals of Inelastic Light
Scattering and Optical Set-up
2.1 Inelastic Light Scattering: Fundamentals
In this chapter we briefly present the inelastic light scattering technique used in this thesis
for the study of the spin-flip excitations of the neutral Mn acceptor in the GaAs QW.
The intent is to provide an introductory description of this spectroscopic technique with
a focus on the spin-flip Raman scattering process (SFRS).
Inelastic light scattering consists in the transfer of a certain amount of energy and momen-
tum from light to matter through the electromagnetic interaction between the photons
of the incident light with the electrons or atoms in the solid. There can be various types
of interaction involving different phenomena (lattice vibrations, collective electronic ex-
citations, spin-flip processes, etc.). Generally the incoming photon in a state with given
energy, wave vector and polarization (ωi,ki, eˆi) is scattered by the system under study
in a new state (ωs,ks, eˆs). The transfer of a certain energy and quasi-momentum to the
system is due to the creation or annihilation of an elementary excitation. Inelastic light
scattering processes are based on conservation of energy and, in systems governed by a
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translationally invariant hamiltonian, of quasi-momentum. This yields:
ωs = ωi ± ω
ks = ki ± q,
(2.1.1)
where h¯ω and h¯q are the energy and the quasi-momentum of the elementary excitation
destroyed (positive sign, anti-Stokes process) or created (negative sign, Stokes process)
in the process. The conservation of wavevector as in equation (2.1.1) is valid only in
three dimensional translationally invariant systems. In our case we are dealing with a
quantum well, i.e. a two dimensional heterostructure, and only the in plane projection of
the wave-vector is conserved.
The microscopic treatment of the general Raman scattering process is based on time de-
pendent perturbation theory and Fermi Golden rule. The starting point is to consider
simultaneously all the different interactions that lead to the absorption of the incoming
photon and the re-emission of the scattered photon with lower energy (Stokes process).
In order to do that we have to consider a global state that describes the quantum system
in its whole, comprehending the initial photon, the electron-hole pair created by pho-
ton absorption, the elementary excitation in the system and finally the outgoing photon
deriving from the recombination of the electron-hole pair. According to this scheme,
the absorption of the incident photon by the semiconductor creates an electron-hole pair
which scatters in a new state after interacting with an elementary excitation and finally
recombines emitting the scattered photon. The process occurs according to a definite
probability (or scattering cross section) that depends not only on the number of the var-
ious equivalent processes leading to the final state, but also on the band structure of
the host material in which the electrons reside. As the inelastic light scattering process
simultaneously involves more than one interaction, the expression of the intensity of the
scattered light, which is proportional to the scattering cross section, is given at least by a
second order time dependent perturbative calculation (third order in the case of spin-flip
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resonant Raman scattering or phonon mediated Raman scattering).
Before describing in more detail the cross-section for SFRS we show in Fig. 2.1 an ex-
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Figure 2.1: Example of inelastic light scattering spectra of spin-flip modes of Mn atoms.
The temperature is 2 K and the laser power is 0.4 W/cm2. Whereas the luminescence
occurs at a fixed wavelength, the inelastic light scattering signal is ’hooked’ to the laser
energy. Therefore, when plotted as a function of the energy shift with respect to the laser
energy, the light scattering peaks are at a given fixed position while the luminescence
moves according to the laser energy.
ample of SFRS spectra. The y-axis reports the intensity of the light signal whose energy
is reported on the x-axis in terms of wavelength (left panel) and (right panel) in terms of
energy shift from the laser energy (in units of cm−1). The panel on the left displays two
spectra at different incident laser energies plotted as a function of wavelength. For both
spectra the broad luminescence peak falls at the same x-coordinate, whereas the narrow
Raman signal moves together with the laser. On the contrary, the panel on the right
shows the scattered intensity as a function of the energy shift from the laser, therefore
the Raman signal remains fixed at the same x-coordinate (which represents the energy
of the excitation determining the Raman process at the origin of the signal) while the
luminescence shifts. This analysis thus allows to clearly distinguish the inelastic light
scattering signal from the PL.
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2.2 Spin-Flip Raman Scattering (SFRS)
The cross section for the resonant SFRS employed in this thesis as a means to probe
the spin excitations of the neutral Mn acceptor in the GaAs QW is proportional to the
following expression:
∑
ψ,φ
〈0|Hˆer|φX〉〈φA0|φX|Hˆex|ψA0 |ψX〉〈ψX|Hˆer|0〉
(E2 − h¯ω2 − iγ)(E1 − h¯ω1 − iγ) , (2.2.1)
where |ψX〉 and |φX〉 are the intermediate excitonic states with energy E1 and E2 re-
spectively, |ψA0〉 and |φA0〉 the intermediate states of the neutral Mn acceptor, and the
parameter γ is linked to the width of the excitonic resonance. The sum on states φ and ψ
takes into account all the possible intermediate electron-hole (excitonic) states including
the resonant terms, i.e. the ones that involve real transition of the host semiconductor. As
it will be seen in the experimental data shown in chapter 4, such resonant enhancements
are crucial to allow for the detection of SFRS even with an ultra-diluted concentration
of Mn impurities. The numerator presents three matrix elements: the two on the sides
describe the interaction between the electrons and the photons. The linear part of the
Hamiltonian that describes the interaction of electrons and the radiation field is:
Hˆer ∝ pj ·A(rj) + A(rj) · pj, (2.2.2)
where p is the operator for the momentum of the electron and A(r) is the vector potential
operator. This Hamiltonian couples the |0〉 ground state with the exciton states before
(|φX〉) and after (|ψX〉) their interaction with the neutral Mn acceptor.
The last matrix element is linked to the creation of the spin-flip excitation of the A0Mn
complex. In order to describe such spin-flip modes we recall that the F=1 ground state in
a magnetic field splits in m=-1,0,+1 levels by the Zeeman effect (see Fig. 1.5). The spin-
flip transitions occur among these levels and involve a change of total angular momentum
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of ∆m = +1,+2 of the neutral Mn acceptor. The model adopted here, following the
work by Sapega et al. [6], explains this change of angular momentum of the A0Mn centre
through an exchange interaction with the exciton involved in the resonant process. The
Hamiltonian that describes the coupling of the two intermediate states, expressed as a
tensor product of the excitonic (X) and atomic (A0) wave functions, takes into account
the exchange interaction between the four particles, i.e., the electron and the hole in the
exciton (spin s and J1 respectively), the Mn ion and the hole in the A
0
Mn complex (spin
S and J respectively). It can then be written in the form:
Hˆex = ppJ1 · J + sp(J1 + J) · s + pd(J1 + J) · S + sdS · s. (2.2.3)
The exchange energies pp and sp in GaAs are both negative [38], while sd (∝ α) and pd
(∝ β) are both positive, as already discussed in section 1.2.2.
Figure (2.2) reports one of the different equivalent Feynman diagrams that could be drawn
to represent the process of SFRS. The lines represents the particles involved in the process
Photon Exciton Exciton
Spin-Flip 
Excitation
Photon
Electron-Photon 
Interaction
Exciton-Neutral Mn Acceptor 
Exchange Interaction
Figure 2.2: Representative Feynman diagram of the spin-flip light scattering process.
whereas the vertices represent the interactions among them. The three vertices correspond
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to the three matrix elements described above.
In order to clarify the mechanism of SFRS it is useful to give an example. Consider a
spin-flip excitation of the neutral Mn acceptor from m=-1 to m=+1 states with ∆m = +2
(see Fig. 2.3). The conservation of the angular momentum of the system exciton-acceptor
Neutral Mn AcceptorExciton
Figure 2.3: Sketch of a spin-flip process involving a change in angular momentum of the
neutral Mn acceptor of ∆m = +2. The excitonic states and the neutral Mn acceptor
states are shown together with their angular momentum. The transitions involved in the
process linked to the specific Hamiltonians (Hˆer and Hˆex) are indicated by arrows. The
process conserves the energy and the angular momentum of the system.
requires a change of opposite sign of the z-component of the angular momentum of the
exciton FXz , so that ∆F
X
z = −2. The process we have just described can be written as
|−1〉A0Mn|+1〉X → |+1〉A0Mn |−1〉X, where all the four particles flip their spins. On the other
hand, the conservation of energy requires that the increase of the neutral Mn acceptor
energy of ∆E = +2gA0MnµBB is balanced by an equal decrease of the exciton energy. For
this purpose it is important to understand what is the behavior of the electron-hole energy
levels in a magnetic field in order to visualize what are the excitonic states that fit the
conservation of energy and angular momentum. In fact not only the neutral Mn acceptor
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levels are affected by the Zeeman effect when an external magnetic field is applied, but
also the conduction band and the valence band energy states involved in the exciton
formation, as shown in Fig. 2.4. The conduction band will split into two spin bands for
each spin component:
He↑ = −12geµBB, He↓ = +12geµBB, (2.2.4)
where ge ≈ 0.2 is the is the conduction band electron g-factor in a 10-nm GaAs QW
(notice that the lower energy level has spin +1/2) [35], [36]. Similarly the heavy-hole
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Figure 2.4: Magnetic field evolution of the heavy-hole and electron states of the quantum
well involved in the formation of the excitons relevant for the light scattering process
shown in Fig (2.3).
valence band will split into two bands:
Hhh↑ = +
3
2
gHHµBB = +
1
2
ghhµBB, H
hh
↓ = −32gHHµBB = −12ghhµBB, (2.2.5)
where ghh = 3gHH ≈ 0.2 is the the heavy-hole g-factor in a 10-nm GaAs QW [36]. As a
consequence of this Zeeman splitting the excitons |+ 1〉X (denoted with σ+) and | − 1〉X
42 CHAPTER 2. INELASTIC LIGHT SCATTERING AND SET-UP
(denoted with σ−) have different energies:
Eσ+ = E
∗
g +H
e
↓ −Hhh↓ = E∗g + 12µBB(ge + ghh),
Eσ− = E
∗
g +H
e
↑ −Hhh↑ = E∗g − 12µBB(ge + ghh).
(2.2.6)
The difference of these two energies µBB(ge + ghh) in general is not equal to the energy
required for the spin-flip excitation ∆E = +2gA0MnµBB. The missing energy is supplied
by the kinetic term h¯2k2‖/2µ
∗ linked to the in-plane quasi-momentum of the exciton. An
exchange of in-plane wave vector k‖ between the exciton and the neutral Mn acceptor is
therefore needed to ensure the conservation of energy. The change of quasi-momentum
of the exciton is made possible by the fact that the state of the exciton involved in the
spin-flip process is not an eigenstate for the momentum operator. In fact the exchange
interaction with the neutral Mn acceptor requires the excitonic wave function to be con-
centrated in proximity of the impurity (whose wave function, as seen in section 1.2.1
extends on a surface S ≈ 20 A˚2) and this spatial localization gives origin to a significative
indetermination of the excitonic quasi-momentum of the order of h¯/
√
S ≈ 107cm−1.
2.3 Experimental Equipment
The experiments in this thesis work require to be performed at low temperatures. This
is particularly needed for the inelastic light scattering measurements of spin-flip modes
of the neutral Mn acceptor in a magnetic field that will be presented in the following
chapter. In fact the Zeeman splitting at B = 2 T, gA0Mn = 2.77, µB = 5.79 · 10−5 eV/T is
∆EZ = 0.32 meV which corresponds to a temperature of 3.72 K. To detect spin-flip modes
accross ∆EZ at such or lower magnetic field values, measurements are usually carried out
at 2 K using the cryogenic systems described in the following sections.
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2.3.1 Helium Bath Cryostat
Initially we have studied the low temperature luminescence of the samples at zero magnetic
field. For this task we used a 4He-bath cryostat (OptistatSXM, Oxford Instruments). In
this cryostat the samples are cooled by pumping liquid helium from the external jacket
directly into the sample chamber through a needle valve. The dry rotary pump, lowering
the helium vapor pressure inside the sample chamber, causes the evaporation and cooling
of the 4He below its 4.2 K boiling point, and the He vapors reach the sample holder and
cool it down to 2 K. Furthermore the presence of a heater in the proximity of the sample
allows to reach higher temperatures using an external temperature controller. In order to
avoid heat exchange with the external environment, the He chamber is surrounded by a
vacuum chamber, where the pressure is set at 10−9 bar.
2.3.2 3He-4He Dilution Refrigerator
The cryostat briefly described in this section (Oxford Kelvinox400 dilution system) allows
to reach very low temperatures (few tens of mK) and to apply a magnetic field in the
region of the sample up to 14 Tesla. This magneto-cryostat was exploited in order to
carry out the spin-flip inelastic light scattering measurements under a magnetic field. In
addition the sample holder is provided with an angular control system, and it can be
rotated with respect to the magnetic field direction (which is also the direction of the
incoming laser light) in the range 0-70◦ with 0.1◦ of resolution. As explained below this
latter feature allows to minimize the reflected stray light. The magnetic field is produced
by a superconducting coil and the accuracy of its intensity on the sample is well below
1%.
The principle of refrigeration of this continuous-cycle apparatus exploits a mixture of
3He-4He that under a temperature of about 0.87 K undergoes a phase separation into two
different phases, a lighter 3He-rich phase, and a heavier 3He-poor phase (≈ 6-7 % 3He)
(see Fig. 2.5). The gas mixture is firstly liquified in the so called 1 K pot which is con-
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nected through an impedance to the mixing chamber, where the phase separation takes
place. Here, the liquid 3He-rich phase is forced to pass through the underlying 3He-poor
phase. Taking advantage of the repulsion between the two phases, it is possible to cause
evaporation (removal of the fastest 3He molecules) even if its vapor pressure is zero. This
evaporative cooling power determines the ability to reach a temperature of 9 mK. The
sample holder is kept in thermal contact with the mixing chamber and surrounded by
high vacuum.
The fridge is then surrounded by the cryostat, a sequence of chambers (liquid He cham-
ber, vacuum chamber, liquid nitrogen chamber, vacuum chamber) where the temperature
is gradually raised to room temperature. The system used in our lab differs from the con-
ventional cryostat shown in Fig. 2.5 by the fact that direct optical access to the samples
is assured by four transparent windows at the bottom of the dewar (see Fig. 2.7), each
in correspondence with a different section of the system. Heating of the cold finger by
black body radiation through the windows increases the operating lowest temperature to
around 50 mK.
2.3.3 Optical Set-up
Light scattering experiments like the ones presented here, require an optical set-up which
is simultaneously capable of high spectral and signal resolution and of tunability. For
this purpose we used a tunable Ti:sapphire laser (Coherent, model MBR-110) optically
pumped by a Nd:Vanadate diode-pumped laser (Coherent, model Verdi 5, 532 nm). The
wavelength of the Ti-Sapphire laser can be varied in the range 775-870 nm and the emit-
ted laser line is very sharp (10−7 eV), thanks to an intra-cavity, electronically guided
etalon. The output of the laser is linearly-polarized, and a Fresnel double prism allows
the rotation of the photon linear polarization.
The optical set-up used in this thesis was designed in such a way that the light of the laser
beam is focused onto the sample lying inside the cryostat. The collected backscattered
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Figure 2.5: Scheme of the dilution refrigerator. 3He undergoes a continuous cycle, high-
lighted by arrows. It is pumped from the “still chamber”, purified by the “cold traps”,
condensed by the “1 K pot” from which it then reaches the “mixing chamber”. The fridge
is surrounded by different shields and immersed in the liquid He chamber of the cryostat.
From [39].
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light is then sent into a triple spectrometer. Although very simple, there are several steps
in the optics alignment and optimization that, as explained in the following, play a critical
role in the detection of the light scattering signal. Fig. 2.7 reports a sketch of the optical
set-up used with the dilution refrigerator (see also Fig. 2.8). The laser beam is initially
a TEM00 mode, subsequently made elliptic in shape by a cylindrical lens (to maximize
the coupling of the scattered light with the rectangular entrance slits of the spectrome-
ter). Then a biconvex lens focuses the light brought on the sample by a small mirror.
The spot size on the sample is approximately 1 mm x 0.1 mm, large enough to keep the
incident intensity to low values (typically 0.01-1 W/cm2) to avoid electron heating. Both
the scattered light containing the signal of interest and the reflected laser light would
pass through the windows and be collected if the sample is not slightly rotated until the
reflection is stopped by the internal walls of the cryostat. A small angle (≈ 7◦) is needed
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Figure 2.6: Schematics of the tilted geometry used to block the reflected laser light: a
slight tilting of the sample with θ ≈ 7◦ prevents the reflected beam from passing through
the windows and be delivered to the spectrometer. The dark shaded areas represent the
metallic inner parts of the dilution fridge.
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to prevent the intense reflected light from being detected thus spoiling the signal (see Fig.
2.6). The focus of the first plano-convex lens under the cryostat is placed on the sample
so that the diverging backscattered light becomes parallel after passing through it. A
large planar mirror then directs the light to another plano-convex lens which conveys it
into the vertical and horizontal entrance slits of the spectrometer (see Fig. 2.7).
The spectrometer (Jobin-Yvon T64000) is employed with three 1800 grooves/mm master
diffraction gratings. Since the grooves on the master gratings are horizontally oriented,
the horizontal slit determines the size of the image on the CCD and thus the wavelength
resolution of the instrument, while the vertical slit has only an impact on signal intensity.
Two different configurations of the spectrometer are possible: subtractive and additive.
The first configuration uses the first grating to scatter the incoming light (different scat-
tering angles correspond to different wavelengths). Thus an intermediate slit, positioned
on the path of the light, selects a portion of the beam of light and consequently a precise
range of wavelengths between λ1 and λ2. After a reflection that reverses the beam struc-
ture, the second grating is used to converge the light towards the third and last grating
where it is once again diffracted and directed onto a CCD sensor. The triple additive
configuration, instead, uses all of the three gratings to diffract the light maximizing the
frequency dispersion and thus the resolution of the instrument. The polarization of the
detected light is set by the direction of the grooves of the gratings: the spectrometer
detects only light horizontally polarized. The SFRS data presented in section 4.2 were
acquired with the spectrometer in additive configuration, whereas the data relative to
the photoluminescence in chapter 3 and to the ILS peak at 35 cm−1 in section 4.1 were
acquired with the spectrometer in subtractive configuration.
The CCD (Charge-Coupled Device) detector consists in a integrated circuit constituted
by a lattice made of semiconductor elements (pixels) able to store an electric charge
proportional to the intensity of the light impinging on them. The electronics allows to
reconstruct the pixel-matrix (2048 x 516 pixels of size 22 x 22 µm) and then to extrapolate
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Figure 2.7: Schematic drawing of the optical set-up. The dilution refrigerator contains the
sample and the superconducting magnet. Underneath the dilution cryostat there is the
Ti:Sapphire laser and the optics used to deliver the laser light and collect the scattered
light into the spectrometer. The four windows of the cryostat are made of Spectrosil B,
transparent in the spectral region of interest for the experiment (≈ 800 − 900 nm) but
opaque to the thermal far-infrared radiation in order to minimize the heat load.
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Figure 2.8: A photo of the optical set-up, showing the dilution fridge on the right, the
laser on the left and the spectrometer with the CCD detector in the back.
the spectrum. The detector is cooled with liquid nitrogen at a temperature of 140 K in
order to minimize the electronic noise.
The total resolution of the set-up can be experimentally estimated using the width of
the laser line as detected by the CCD. In fact the nominal emission width is much sharper
than the spectral resolution allowed by three adjacent pixels. This means that the ap-
parent line width obtained in a spectrum is due to the optical path and, mainly, to the
spectrometer. When the horizontal entrance slit is closed enough (100 µm or less) the
total resolution is limited by the pixels and is equal to a few tens of µeV, as displayed in
Fig. 2.9.
For polarization-resolved measurements we used a linear polarizer and a λ/4 retarder, a
birefringent material with a fast and slow axis orthogonal to each other. When light is
linearly-polarized at 45 degrees with respect to the fast axis, it has both a component
on the fast and on the slow axis. These two components travel within the birefringent
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FWHM
0.03 meV
Figure 2.9: Ti:Sapphire laser line detected by the spectrometer with horizontal entrance
slit positioned at 100 µm in triple additive configuration.
medium with different velocities, thus there will be a phase difference function of the
distance travelled. Consequently is possible to calibrate the thickness of the material in
order to obtain a phase difference equal to pi/2, that means circularly-polarized light.
Chapter 3
Photoluminescence of (Ga,Mn)As
Quantum Wells
Before presenting the inelastic light scattering measurements that constitute the main
goal of this thesis work, we first discuss in this chapter the photoluminescence (PL) of
our (Ga,Mn)As quantum wells. The PL is a process in which electrons are excited by the
absorption of photons to higher energy states from which they can decay on the available
lower energy states emitting photons, at lower energy with respect to the absorbed ones.
The physics describing this phenomenon is basically the same one presented in section
1.1.2.
Two main reasons are behind the choice of studying the PL emission of our samples.
First, a clear understanding of the PL structure is needed to perform the inelastic light
scattering experiments. In fact, in order to take advantage of the resonant enhancement
of the inelastic light scattering cross-section it is essential to exploit the inter-band tran-
sitions and, in particular, the QW exciton. To this end it is crucial to know the energies
of the QW PL excitonic emission.
Second, as shown by Myers et al. [4], it is through polarization-resolved PL measurements
that it is possible to demonstrate that optically injected electron spins can generate an
energy splitting of the neutral Mn acceptor state and enable magnetic moment orienta-
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tion. The splitting can be estimated from the analysis of the PL linked to the neutral Mn
acceptor level around 861 nm (1.441 eV).
3.1 Photoluminescence Profile
For these experiments we used the He bath cryostat, reaching a temperature of 2 K
without the magnetic field. The laser power was generally kept in the range 1-100 µW
using appropriate filters, in order to avoid both saturation of the CCD and heating of the
sample. Since the laser spot size was of the order of 0.01 mm2 (the cylindrical lens was
not used in these experiments), the corresponding power intensity was in the range 0.01-1
W/cm2. Using the polarization rotator we set a cross-polarized configuration, with the
emitted light going inside the spectrometer polarized perpendicular to the polarization
of the incoming laser beam. This is an efficient way to block the reflected light which
could spoil the signal. The Ti:Sapphire laser energy was tuned above the QW gap.
Representative data of the photoluminescence profile of the two samples are displayed in
Fig. 3.1.
The PL profile shows different peaks. The one higher in energy (800 nm, 1.551 eV)
is due to the heavy-hole QW exciton recombination. The energy of this peak reflects the
increase of the GaAs band gap due to confinement (as treated in section 1.1.2 and shown in
Fig. 1.1) and the binding energy of the electron-heavy hole pair. In the low doped sample
(sample 64) this peak splits in a couple of peaks separated approximately by 1 nm (2
meV). This splitting is probably linked to the presence of growth imperfections affecting
the width of the QW, and therefore the confinement energy, due to the unavoidable
monolayer fluctuations during the MBE growth. The corresponding fluctuations of the
confinement energy are in the range of few meVs, comparable to the separation of the
two peaks found in the heavy-hole QW exciton PL.
At lower energy there are other peaks in the range 818-853 nm (1.517-1.455 eV) that can
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Figure 3.1: Photoluminescence profile of the (Ga,Mn)As quantum well samples. The laser
intensity on the sample was ≈ 0.1 W/cm2 with an integration time in the range 1-10 sec
depending on the intensity of the photoluminescence signal.
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be linked to the bulk GaAs exciton recombination and to the PL of electron-hole pairs
bound to impurities, such as carbon [40] and germanium [41].
3.2 Neutral Mn Acceptor Photoluminescence
We now focus on the emission peak occurring at 861 nm (1.441 eV) and linked to the
PL associated to excitons bound to the neutral Mn (A0Mn PL) acceptor within the QW.
The energy is determined by the fact that the Mn deep acceptor level is 110 meV above
the heavy-hole valence band state of the quantum well. The emission is flanked by a TA
phonon replica at 867 nm (1.431 meV). Another weaker peak at 883 nm (1.405 meV) can
be associated with a LO phonon replica of the Mn acceptor peak [40], [42], [43].
The intensity of the Mn peak varies with the incident laser wavelength. We found that,
starting with laser excitations below 800 nm, it reaches a maximum in correspondence
with the QW exciton at 800 nm and then the peak intensity decreases to zero rapidly as
we increase the laser wavelength by less than 1 nm. For this reason in our analysis of the
Mn PL profile, we set the wavelength to 800 nm (1.551 eV). During these measurements
the laser power on the sample was kept in the range of 50-300 µW corresponding to 0.5-3
W/cm2 with the integration time of 500 seconds, in order to improve the signal to noise
ratio. Notice that, as expected, the intensity of the Mn peak in the sample 6400 is much
higher than that of the low-doped sample (compare it with the luminescence of germa-
nium). Besides it is completely absent in a reference GaAs/AlGaAs QW sample without
manganese doping.
The temperature dependence of the PL intensity allows to figure out the stability of the
neutral acceptor complex. Fig. 3.3 shows the evolution of the A0Mn PL in both samples
in the temperature range 2-32 K. The PL emission can be seen up to ≈ 30 K and the
temperature evolution manifests an anomalous behavior (compare for instance with the
germanium peak) with a maximum PL intensity reached at 10-15 K and then a decrease
at higher temperatures as shown in the insets to Fig. 3.3. This anomalous behavior, that
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Figure 3.2: Photoluminescence spectra of the two Mn-doped samples displaying the lumi-
nescence linked to germanium impurities at 850 nm and the luminescence associated to
excitons bound to the neutral Mn acceptor (A0Mn complex) with the TA phonon replica
red-shifted by 6 nm (10 meV).
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Figure 3.3: Different luminescence profiles in the region of the Germanium and Mn-related
photoluminescence as a function of temperature. Insets: evolution of the intensity of the
Mn-related photoluminescence peak versus temperature.
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requires further theoretical and experimental analysis, might be explained by a change
due to temperature of the peak absorption from the T=2 K value of 800 nm.
Summarizing the key points of these initial measurements, we have determined the ex-
citonic transition energies of the 10-nm QW and of the bulk crystal, to be exploited as
resonances for the inelastic light scattering measurements. We have also identified the
luminescence relative to the neutral Mn acceptor determining in particular its stability
as a function of temperature. This last behavior is relevant and promising in view of the
development of practical opto-spintronic devices based on the exploitation of the states
of the A0Mn complexes in GaAs.
3.3 Polarization-Resolved Photoluminescence
The polarization of the Mn acceptor PL emission has been shown to be sensitive to the
spin state of the neutral complex A0Mn [4]. As shown in section 1.2.1 the neutral acceptor
ground state corresponds to the F=1 state and it is triple degenerate. In a magnetic field
these three eigenstates (F=1, m=+1,0,-1) split in three Zeeman sublevels according to
an additional term in the Hamiltonian which is gA0MnµBB · J with a g-factor gA0Mn=2.77.
The Clebsh-Gordan coefficients of the eigenstates written with respect to the |S, J〉 basis
determine the polarization of the Mn acceptor emission:
PMn =
Mσ+ −Mσ−
Mσ+ +Mσ−
, (3.3.1)
where Mσ+ and Mσ− are the intensities of right and left circularly-polarized PL detected
by the CCD. The splitting between these three levels and consequently their occupation
(which determines the global average orientation of the A0Mn complex spin) reflects into
the degree of polarization PMn.
One remarkable result, shown for the first time by Myers et al. [4], is that optical electron
spin injection in the QW conduction subband through circularly-polarized laser light
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(section 1.1.3) is capable even at zero magnetic field of generating a non-equilibrium
polarization of the neutral Mn acceptor. This means that the three states m=-1,0,+1
splits according to the sign of the incoming circularly-polarized light. The evidence of
this effect is rather indirect and only based on a change in the relative intensities of the
Mσ+ and Mσ− emissions (no splitting is observed since the expected splitting is much
smaller than the PL line-width).
As shown in section 1.1.3, in order to obtain optical spin injection, the incident laser light
should be circularly-polarized, left or right. In our experiments, that reproduce those of
Myers et al., we manage to do this using in series a linear polarizer and a λ/4 retarder.
If the mutual angle between the direction of linear polarization and the fast axis of the
birefringent retarder is ±45◦, right and left circularly-polarized light can be obtained (to
ensure this, one can place a second linear polarizer after the retarder and check whether
the intensity of the light is constant rotating it). With the insertion of an additional λ/4
retarder before the spectrometer entrance slits (the gratings constitute a built-in linear
polarizer), it is possible to have a full control of the circular polarization of the incoming
and scattered light beams. As an example Fig. 3.4 shows different polarization-resolved
spectra relative to the neutral Mn acceptor PL, to compare with the results of Myers et
al. shown in the inset to the upper panel.
The determination of the dynamically induced spin splitting of the F=1 state of the Mn
atom requires a detailed modeling of the PL intensity for the Mσ+ and Mσ− emissions
that is fully explained in [4]. Notice that no effect is indeed observed, as expected, for the
profile of the PL linked to the Ge impurity at ≈ 852 nm.
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Figure 3.4: Polarization-resolved photoluminescence using σ+ (right circular polarization)
incident laser light. The PL light has a right-polarized component more intense than the
left-polarized one (Mσ+ > Mσ−). In the inset, similar results obtained at 10 K by Myers et
al. [4] using right circularly-polarized laser light resonant with the quantum well exciton.
Below the spectra obtained using σ− (left circular polarization) incident laser light. Notice
the reversal of the polarized intensities (Mσ+ < Mσ−) with respect to the previous case.
In both cases the different Mσ+ and Mσ− intensities can be linked to a positive (upper
figure) or negative (lower figure) splitting of the F=1 A0Mn state following the procedure
adopted in [4].
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Chapter 4
Inelastic Light Scattering
Measurements
This chapter is dedicated to the resonant inelastic light scattering measurements. The
experiments were performed in the backscattering geometry shown in Fig. 4.1, with the
backscattered light collected by a lens. The incident and scattered photons propagating in
Figure 4.1: Sketch of the backscattering configuration adopted for the inelastic light
scattering measurements.
opposite directions, (ωi,ki, eˆi) and (ωs,ks, eˆs), respectively, are also schematically shown.
In order to minimize the stray-light reflected by the sample and reduce therefore the
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background signal in the light scattering spectra at low energy, the experiments presented
in this chapter were carried out in a cross-polarization scheme, i.e. the polarization
of the scattered signal eˆs orthogonal to the polarization of the incident laser light eˆi.
Furthermore the sample was tilted by an angle θ ≈ 7◦ so that the reflection of the laser
beam was directed outside the collection lens (see Fig. 2.6).
Section 4.1 focuses on the light scattering peak found at approximately 35 cm−1 that in
previous studies in DMS GaMnAs samples [6] was attributed to a transition from the
ground state of the neutral Mn acceptor, with F = 1, to the first excited level, with
F = 2. We will present data casting doubts on this interpretation. The following section
4.2 is dedicated to the spin-flip Raman scattering (SFRS) experiment, with a preliminary
brief discussion on the origin of the g-factor of the neutral Mn acceptor followed by the
experimental results regarding the evolution of the SFRS spectra in a magnetic field B
(from 0 up to 10 T) applied on the sample as shown in Fig. 4.1. A linear fitting of
the energy shifts with respect to the magnitude of the magnetic field at B larger than
1 T allows the evaluation of the g-factor gA0Mn in agreement with the values reported in
literature. Thanks to the high sensitivity of our set-up and the excellent quality of the
samples we were able to extend for the first time the SFRS measurements down to B=0.
In this ultra-low field regime we observed an unexpected saturation of the spin-flip energy
to a finite value.
4.1 The Inelastic Light Scattering Peak at ≈ 35 cm−1
When we excited in resonance with the bulk exciton at ≈ 820 nm we observed a strong
inelastic light scattering signal even reducing to a few tens of seconds the integration
time while keeping the intensity on the sample at 0.1 W/cm2. Representative spectra
corresponding to the sample 6400 are shown in Fig. 4.2. This excitation at around 35 cm−1
was previously observed by Sapega et al. [6] in similar experiments on DMS GaMnAs bulk
semiconductors (see inset to Fig. 4.2). They attributed this peak to transitions within
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?
Figure 4.2: Light scattering peak excited in resonance with the exciton energy of the bulk
GaAs. The three spectra correspond to excitation with slightly different laser wavelengths
(indicated in correspondence of each spectrum). The peak presents a multiple structure.
This peak can be observed in a resonance range correspondent to the width of the lu-
minescence of the exciton (see Fig. 3.1). The inset shows similar experimental data by
Sapega et al. [6].
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the A0Mn complex from the F=1 ground state to the F=2 state, mediated by the exchange
interaction with the photo-created excitons. Within this interpretation the energy of the
peak is given by 2, the energy difference between F=1 and F=2 states as shown in Fig.
1.5. Our analysis however cast doubts on this interpretation for the following reasons:
1. The data reported in Fig. 4.2 and (4.3) are obtained in resonance with the bulk
GaAs exciton. Since this inelastic light scattering mechanism involves a short range
exchange interaction between the photo-excited exciton and the neutral Mn accep-
tor, the Mn ions participating to the excitation responsible for this light scattering
signal should be situated in the bulk crystal. This is in contrast with the almost
zero Mn concentration measured outside the QW region as shown in Fig. 1.10.
2. In addition we found this peak not only in the sample 6400 and in the sample 64
which contain manganese atoms, but also in a reference sample constituted by a
simple GaAs/AlGaAs QW, without Mn, as shown in Fig. 4.3.
3. Finally exciting in resonance with the broad and intense luminescence at 830 nm
due to carbon impurities, we observed an intense peak, wider and slightly higher in
energy (≈ 3 cm−1) than the previous one (see Fig. 4.4) which indeed suggests that
the peak could be related to the carbon impurity. This inelastic light scattering
signal seems to be caused by the same interaction responsible for the peak excited
in resonance with the exciton, as the energy shifts from the laser are similar.
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Figure 4.3: Spectra relative to the 35 cm−1 light scattering signal excited with the laser
in resonance with the exciton energy of the bulk GaAs. This peak is seen not only in the
sample 6400 and in the sample 64, but also in a reference sample constituted by a simple
GaAs/AlGaAs QW without Mn.
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Figure 4.4: The 35 cm−1 light scattering peak excited in resonance with the broad and
intense luminescence at 830 nm linked to the carbon impurity (see Fig. 3.1). The intensity
of this peak is so high that the integration time was limited to 5 seconds. The excitation
laser wavelength are indicated in correspondence of each spectrum.
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4.2 Spin-Flip Raman Scattering Measurements of the
Mn Acceptor
We discuss in this section the main experimental results of this thesis work: the ob-
servation of the spin-flip (SF) modes of the A0Mn complex in a magnetic field. These
measurements were carried out using the dilution refrigerator equipped with supercon-
ductive coils able to generate a magnetic field up to 14 T. The intensity of the laser light
incident on the sample was kept to values of approximately 0.4 W/cm2 with an acquisition
time varying from 100 to 300 seconds. The horizontal slit of the spectrometer was set at
30 µm and temperature was set at 2 K.
4.2.1 The g-factor of Neutral Mn Acceptors
In a magnetic field B the neutral Mn acceptor Hamiltonian includes the Zeeman term:
HˆZ = gSµBB · S + gHHµBB · J, (4.2.1)
where gS = +2.003 is the g-factor of the 3d
5 manganese acceptor core (spin S) known
from electron-spin resonance [44], and gHH = +0.78 is the g-factor of the bound hole
(spin J) [5]. The model for the g-factor of the neutral acceptor consists in a weighted
average of the core and hole g-factors using the average value of the z-component of the
spins operators on the |F = 1,m = −1〉 ground state of the neutral acceptor:
gA0Mn = −〈−1|Sz| − 1〉gS − 〈−1|Jz| − 1〉gHH = 74gS − 34gHH . (4.2.2)
This analysis yields a gA0Mn = 2.9 not too far from the experimental value of 2.77 [5].
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4.2.2 Spin-Splitting at Zero Magnetic Field
The analysis of spectra like those shown in this chapter requires the relevant peaks to
be identified and separated from the background resulting from the (magneto) photolu-
minescence and the laser stray light. The latter is particularly relevant in our case since
the SF modes at low magnetic fields occur at low energies. To this end, we explored the
resonance profile in order to maximize the SF light scattering signal, and we carefully
blocked all the possible reflections of the laser light caused by the dilution windows. In
addition, the data were elaborated using the data analysis software Origin 7.0.
The peaks relative to spin-flip excitations were fitted using gaussian functions. In fact the
spatial region illuminated by the incident laser beam (≈ 0.1 mm2) involves approximately
6.4 · 108 Mn impurities each of them independently producing a lorentzian-shaped emis-
sion. However, the random position of the Mn impurities inside the QW can be expected
to lead to lorentzian functions with slightly different peak positions and intensities, re-
sulting in an inhomogeneous broadening yielding a gaussian shape of the SF signal.
The measurements reported in Fig. 4.5 were carried out at a temperature of 2 K and
B = 10 T. As in the previous figures, the horizontal axis displays the energy (Raman)
shift from the exciting laser line. As usual, energies are displayed backwards, so that the
position of the Stokes peaks equals the excitation energy with the correct sign. Two light
scattering peaks can be easily identified by the characteristic feature that they do not shift
when the spectra at different laser wavelengths are plotted as a function of the energy
shift from the laser line. The first peak is positioned at ≈ 12.5 cm−1 and we attribute
it to the transition from m=-1 to m=0 spin-resolved levels of the neutral Mn acceptor
(see section 2.2), while at twice this energy shift there is a second peak associated to
the transition from m=-1 to m=+1. The broad profile moving while varying the laser
energy is the magneto-photoluminescence generated by the recombination of the exciton
of the QW. These spectra constitute a direct demonstration of the impact of the resonant
enhancement of the light scattering cross section; when the incident light energy is in
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Figure 4.5: Spectra at 10 T showing the spin-flip inelastic (Raman) light scattering (SFRS)
peaks (indicated by arrows). The laser excitation was varied in order to show the resonant
enhancement of the signal intensity and the constant shift of the Mn spin-flip excitations
from the laser line.
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resonance with the QW exciton energy (in-going resonance) one of the denominators in
equation (2.2.1) tends to zero (limited by the broadening of the exciton line) and the cross
section increases by orders of magnitude. The same thing happens when the scattered
SF signal is in resonance with the exciton (out-going resonance) as for the spectra shown
in Fig. 4.5. We stress the importance of the resonant enhancement for our experiments
since we are observing a light scattering signal produced by approximately 108 atoms,
nearly 4 orders of magnitude less than the number of atoms involved in the conventional
Raman scattering associated to phonons in crystals.
In order to confirm the interpretation of these light scattering signals in terms of spin-flip
excitations of the neutral Mn acceptors, we studied the evolution of their energies by
varying the magnitude of the magnetic field down to zero. The dependence of the energy
shifts on the magnitude of the magnetic field should in fact be determined by the peculiar
g-factor gA0Mn = 2.77 of the Manganese acceptor.
For the determination of the energies of the SF excitations with high precision a fitting
of the peak is required. A representative fitting procedure is explained in Fig. 4.6 in the
case of measurements at B = 3 T. In this analysis we first subtracted from the signal
the luminescence profile (red dotted line), leaving the two SFRS peaks that were fitted
using gaussian functions (we also report the fit using lorentzian functions to show its in-
adequacy due to the slower decay as highlighted in Fig. 4.7). The fitting of these spectra
versus magnetic field, according to the procedure explained above, allows to evaluate the
g-factor.
Fig. 4.8 and Fig. 4.9 show the waterfall of some spectra at different magnetic fields.
In the spectra at 0 and 0.5 Tesla only the peak relative to the m=-1 → m=+1 (SF2)
transition is observable, as the peak linked to the m=-1 → m=0 (SF1) transition is too
low in energy to be distinguished from the laser line. At these low magnetic field values
the spin-flip excitations lie within a very small energy scale, of the order of 0.15 meV. This
regime makes the experiment somewhat challenging, because a very efficient rejection of
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Luminescence 
Profile
Figure 4.6: Top panel: spin-flip light scattering spectrum at a magnetic field B = 3 T. The
red circles represent the photoluminescence (PL) profile which must be subtracted form
the data before proceeding with the fitting of the light scattering peaks. Bottom panel:
light scattering spectrum after the subtraction of the luminescence background. Both
gaussian and lorentzian fits are reported, highlighting the better fitting of the gaussian
function.
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Figure 4.7: Zoom of the data at 3 T in the region corresponding to the higher energy
peak SF2. The width of the peak is ≈ 0.5 cm−1 corresponding to approximately 70 µeV,
twice the resolution of the our set-up.
the laser stray light is required as well as high spectral resolution. We will come back
later on the surprising observation of a finite zero-field spin splitting.
Fig. 4.10 and Fig. 4.11 summarize the results of these analysis: the Raman shifts of
both spin-flip transitions are plotted versus magnetic field. A linear fit is also shown. In
all these plots the errors are below the size of the circles representing the data.
The result of this analysis is a gA0Mn = 2.797 ± 0.001 for the linear fit of the first peak
(the lowest in energy) and gA0Mn = 2.781 ± 0.001 for the second one. These values are
very close to that reported in other studies (2.77 in [5], 2.74 in [6]), and they represent a
characteristic fingerprint of the neutral Mn acceptor. Fig. 4.11, in particular, compares
our results to those obtained by Sapega et al. [6] in which the measurements started above
1-2 T, probably because of lack of spectral resolution at low magnetic fields. We focus in
the following on data obtained by us below 2 T.
Fig. (4.9) and (4.12) show the unexpected behavior of the light scattering spectra and
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SF2
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Figure 4.8: Evolution of the spectra by changing the magnetic field in the range 0-10 T.
An unexpected zero-field peak at finite energy is present (see arrow).
peak energies when the magnitude of the magnetic field is below 2 T. The Raman shift of
these lines doesn’t tend to zero for vanishing magnetic field, but it saturates at a constant
value (∆S ≈ 1.2 cm−1 ≈ 0.15 meV). We are not able to provide a definite explanation for
this behavior and we hope that the results presented here will stimulate further works.
However, we discuss in that follows possible origins for the occurrence of a finite ∆S:
• Although the samples studied in this thesis work have an ultra-dilute Mn concen-
tration, they could still present local magnetization in little domains where the
Mn-impurity spins are indeed polarized. The preferential orientation within these
domains, which are actually aligned randomly one with respect to the other, would
generate a small zero-field A0Mn-spin splitting detected in the low energy light scat-
tering peak. The formation of these domains could be linked to the formation of
a bound magnetic polaron (BMP), a local ordering of magnetic moments induced
by the exchange interaction with localized carriers. BMPs have been invoked to
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Figure 4.9: Low-field spin-flip light scattering peaks (shaded areas). In the range 0-0.5 T
the spectra display only the peak linked to the m=-1→m=+1 (SF2), whereas both peaks
are clearly recognizable in the spectrum at 1 T. All spectra are taken with an incident
laser wavelength of 798.86 nm except for the second spectrum from the bottom taken at
799.18 nm.
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Figure 4.10: Peak positions of the spin-flip modes (SF1 and SF2) as a function of the
magnetic field. A linear fit of these data allows to evaluate the g-factor gA0Mn .
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Magnetic field (T)
Figure 4.11: Left panel: energy of the spin-flip excitation for both peaks SF1, m=-1 →
m=0, and SF2, m=-1→ m=+1. Right panel: similar results obtained by Sapega et al. [6]
for magnetic fields higher than 2 T.
Δ
S
 ~ 0.15 meV
Figure 4.12: Spin-flip Raman shift at low magnetic field (< 2 T). A saturation of the
spin-flip excitation energy to the finite value ∆S ≈ 1.2 cm−1 ≈ 0.15 meV is observed.
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explain a similar effect of finite spin-splitting seen in diluted Mn-doped II-VI struc-
tures [45], [46].
• Another possible cause of the saturation of the spin-flip energy to a finite value could
be linked to a dynamic nuclear polarization provided by resonant inter-band optical
excitation or by the application of the magnetic field [47]. Briefly, as conduction
electrons are coupled to nuclei via the hyperfine interaction (see section 1.2.2),
photo-excited electrons could provide an alignment of the nuclear spins which in
turn can interact with the neutral Mn acceptors and cause their orientation. The
nuclei could be also aligned by the external magnetic field. Since nuclear spin
relaxation time is very slow (hours) this effect could persist even if the magnetic
field is brought to zero within a faster time scale.
• A further effect that should be considered is the impact of the crystal field in re-
moving the degeneracy of the F=1 state. To this end one should also consider the
anisotropy of the wave function of the unoccupied states of the Mn acceptor, which
could be responsible for a preferential crystallographic orientation of their spins [24].
• Finally it is not excluded that a partial optical spin injection of electronic spins in
the conduction band can occur, even using linearly-polarized light at low excitation
power. This would cause the spins of the neutral Mn acceptors to align, following
the same mechanism responsible for the change of the photoluminescence profile
shown in Fig. 3.4.
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Conclusions and Perspectives
The main result achieved in this thesis is the identification, by means of resonant inelastic
light scattering, of the spin-flip (SF) excitations of the neutral Mn acceptor A0Mn in an
ultra-dilute GaAs/AlGaAs quantum well, and the discovery of a zero magnetic field spin
splitting of the A0Mn complex ground state. This splitting challenges the present theoret-
ical understanding of the spin states of this neutral atomic complex.
The results presented in this thesis work might be relevant for the development of spin-
tronics applications based on the manipulation of the spin of single Mn atoms in semicon-
ductors. The clear identification of the spin-flip modes of the magnetic impurity, in fact,
allows direct insights into its spin levels and offer a method for its optical manipulation.
The inelastic light scattering approach exploited in this thesis work in combination with
optical spin injection through circularly-polarized laser light demonstrated in [4] and also
in this work could be used to induce a tunable Zeeman splitting of the A0Mn spin levels.
These all-optical schemes for the manipulation and measurement of the spin-state of sin-
gle atoms are attractive for the development of opto-spintronic devices.
To this respect, the zero-field spin splitting represents an important finding which might
facilitate the development of practical schemes for spin manipulation. However further
theoretical studies and experiments are required to clarify the origin of this energy split-
ting.
One possible experiment that we envision for the continuation of this work is to apply
a strong magnetic field on the sample in order to induce an alignment of the nuclear spins
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and then, after bringing the field to zero, study how the inelastic light scattering peak
at zero magnetic field evolves as a function of time. Indeed the nuclear spin polarization
is expected to decay in time with a characteristic period of a few hours. If the spin-flip
spectra show a similar time dependence with the energy splitting vanishing with time, this
could indicate that the effective magnetic field induced by the nuclear spin polarization
is at the origin of the orientation of the neutral Mn acceptor spins.
Furthermore in order to probe the hypothesis that links the finite splitting to the occur-
rence of a bound magnetic polaron (BMP), we could carry out a detailed study of the laser
power dependence of the peak intensity aimed at understanding if there is a threshold
density of photo-excited electrons.
Additionally, a more detailed analysis of the dependence of this effect on Mn concentra-
tion could allow to estimate if the interaction between neutral Mn acceptors could play
any role in the orientation of their spins. To this end one of our first goals in future ex-
periments is to study more diluted samples, eventually reaching the regime of the optical
probing of just a single magnetic impurity.
Given the versatility of band-gap and photonic engineering of III-Vs semiconductors, sev-
eral routes to amplify the Mn emission signal are possible. For instance it would be very
interesting to fabricate photonic cavities such as vertical Fabry-Perot cavities or microdisc
structures that are resonant on the interband excitonic transitions of the QW or on the
Mn-bound exciton as proposed by Myers et al. in [4].
Rotating the direction of the linear polarization of the incident laser light on the plane of
the sample could be helpful in determining if crystal-field anisotropies play a role.
Finally temperature could be important when the energy of the excitation is of the order
of 0.15 meV (corresponding to a temperature of 2 K) which is approximately our case.
Further experiments at lower temperatures would probably lead to more intense signals
and narrower line-widths allowing for a more precise study of the spin-flip modes.
The experiments described above suggest novel exciting avenues of further experimen-
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tal and theoretical research. Our hope is that the physics and the technology linked to the
optical manipulation of the spin of single atoms in semiconductors will become rapidly
so mature to lead to significant impacts in the nanoelectronic market. This paradigmatic
change could push the nanotechnology field beyond the Moore era.
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